Chitin (C~8~H~13~O~5~N)~n~ is a chain polymer of N-acetyl-D-glucosamine, which is one of the most chemically and thermally stable derivatives of glucose. This structural aminopolysaccharide is the main component of the cell walls of fungi, the exoskeletons of insects and arthropods (e.g., lobsters, crabs, and shrimps), the radulas of molluscs, and the beaks of cephalopods (including squid and octopuses). Until recently, the oldest preserved chitin dates to the Oligocene (25,0 ± 0,5 Ma)[@b1] and to the Late Eocene (34--36 Ma)[@b2]. Despite reports of exceptional fossil preservation in the middle Cambrian Kaili Formation, Guizhou Province, China via carbonaceous films[@b3], or fossilized fungal hyphae and spores from the Ordovician of Wisconsin (with an age of about 460 million years)[@b4], there is dearth of information about chitin identification in these studies. The oldest chitin-protein molecular signatures were found in a Pennsylvanian (310 Ma) scorpion cuticule and Silurian (417 Ma) eurepterid cuticle by Cody and co-workers[@b5].

Recent work has demonstrated that chitin also occurs within skeletons of recent marine (e.g. hexactinellid *Farrea occa*[@b6] and "keratose" Verongida[@b7][@b8][@b9]) as well as freshwater[@b10] sponges. Sponges (Porifera) probably include the earliest branching extant animal groups[@b11] and their fossil record dates back to the Ediacaran[@b12][@b13]. Biomarkers[@b14] suggest an even older origin (\>1 billion years), although it is still unknown which sponges form the earliest-branching group, since the fossil record of these "keratose" sponges is poor due to the absence of mineralised spicules. The Vauxiidae[@b15] are among the best-known taxa in the middle Cambrian Burgess Shale in British Columbia, Canada, although their interpretation remains controversial[@b16]. Vauxidae sponges exhibit an apparently reticulate, aspiculate fibrous skeleton. Assuming an aspiculate organic skeleton, Rigby[@b16] suggested an affiliation with the modern "Keratosa"; particularly the Verongida. Although this view has been widely adopted, the nature of "Keratosa" and these relationships have not been fully resolved.

The object of the current study was to test the hypothesis that chitin was an essential skeletal component of early sponges assigned to Verongida. For this we have studied the 505 million year old (Middle Cambrian) Burgess Shale *Vauxia* sponge samples because of the exceptional preservation of these fossils[@b15][@b17][@b18][@b19][@b20]. In the following we demonstrate that chitin is indeed a component of early sponges. We found chitin preserved in *Vauxia gracilenta*[@b15] from the Burgess Shale, making these sponges the oldest fossils with preserved chitin discovered thus far. This suggests that the Burgess Shale fossils retain more structural, and potentially isotopic, information than previously realized. This is important to the realm of sponge phylogeny, and has impact across the broader world of Cambrian paleontology.

Stringent care was taken in the preparation of our samples and in the analytical protocol to avoid any modern contaminants. These methods are described below.

Results
=======

Identification of the polysaccharide-containing remains
-------------------------------------------------------

The fossilized material consists of brownish anastomosing fibers (diameter \~100 μm) in an arrangement typical of *Vauxia* ([Fig. 1](#f1){ref-type="fig"}). The dimension of the fibers is characteristic of poriferans. There are no reports of fungi or filamentous bacteria containing any fibers of similar diameter (see for comparison[@b4]). In our preparation and analytical protocol, which is described in the following, we tried to avoid any possible problems that may arise from modern contaminants. A ^14^C analysis only yielded a low fraction of modern ^14^C of 0.0057, where "modern" is defined as 95% of the radiocarbon concentration (in AD 1950) of NBS Oxalic Acid I (SRM 4990B) normalized to δ^13^C~VPDB~ = −19 per mil. This confirms that the analysed organic material must contain ancient carbon (see [Supplementary Information](#s1){ref-type="supplementary-material"}, text). Raman spectroscopy of the organic material suggests that all investigated samples had the same origin with respect to thermal low-grade metamorphism ([Supplementary Information, Fig. S2](#s1){ref-type="supplementary-material"}). The results from the DNA identification study ([Supplementary Information, Fig. S21](#s1){ref-type="supplementary-material"}) revealed the absence of DNA in the material isolated from fossilized *V. gracilenta*. This is a good indicator that there are no modern bacteria or fungi contaminates in the fossils, or in the instrumentation used to investigate them.

Initially, three samples ([Supplementary Information, Fig. S1](#s1){ref-type="supplementary-material"}) were examined under a fluorescence microscope to highlight any polysaccharide-based organic matter using the specific Calcofluor White (CFW) staining. Calcofluor White is a fluorescent marker capable of making hydrogen bonds with β-(1.4)- and β-(1.3)-linked polysaccharides, and shows a high affinity for chitin[@b7][@b8][@b9]. Recently, it was confirmed experimentally that CFW specifically binds to carbohydrate residues and not to the protein matrix, even when staining glycoproteins[@b21]. This method has previously been used successfully at a microscopic scale to identify chitin-containing organisms attached to the surfaces, or embedded within different kind of materials[@b22]. If a chitin-containing material is present, the chitin will bind the dye and, upon exposure to light, the chitin-containing material may be visualized and can then be removed for further investigations. We used material from the third fossil sample ([Supplementary Information, Fig. S1](#s1){ref-type="supplementary-material"}), which is preserved in remarkable morphological detail ([Fig. 1](#f1){ref-type="fig"}). We selected areas on the surface of sample ([Fig. 1b](#f1){ref-type="fig"}) where the fibrous morphology of the *Vauxia* skeleton is clearly visible in a binocular microscope, and then stained them with CFW. The skeleton was stained with variable intensity, which is clearly visible using fluorescence microscopy ([Fig. 2 a, b](#f2){ref-type="fig"}). We found several fragments ([Supplementary Information, Fig. S4a](#s1){ref-type="supplementary-material"}) that were highly stained by CFW and precisely resembled the fibres observed by electron microscopy in size and shape. These preliminary results indicate the presence of polysaccharide material localized within well-preserved fossilized fibers of the sponge skeleton.

Selected fibers showing the presence of polysaccharides were carefully broken from the host rock using a very sharp steel needle under a stereomicroscope. Some of the fragments obtained in this way and showing a well-preserved fibrous structure ([Fig. 3](#f3){ref-type="fig"}) were investigated as removed using light, fluorescence and scanning electron microscopy (SEM). The majority of the fragments were transferred to plastic vessels with 48% HF for 24 h at room temperature to remove aluminosilicates ([Supplementary Information, Fig. S4b](#s1){ref-type="supplementary-material"}). Following this, the samples were centrifuged and the insoluble residue was washed five times using deionized water.

The residual material was placed onto glass slides that had been cleaned in acetone. Micro-fibers or micro-particles were excluded from the slide using light and fluorescence microscopy. The 25 slides with residual material were observed using light and fluorescence microscopy, and we isolated fragments possessing fibrillar microstructure. All of these show strong autofluorescence in the region of 470--510 nm, consistent with that of chitin ([Supplementary Information, Fig. S5](#s1){ref-type="supplementary-material"}).

Identification of chitin
------------------------

Our criteria for the positive identification of chitin are based on comparative investigations between a chitin standard and selected samples using the highly sensitive analytical techniques shown below; as well as the detection of D-glucosamine and the use of the chitinase test. Thus, selected samples of isolated material were analysed by near-edge X-ray absorption fine structure (NEXAFS) spectroscopy, Fourier transform infrared (FTIR) spectroscopy, and transmission electron microscopy (TEM). Chitin, which may be considered a polymer of 2-acetamido-2-deoxy-CX-D-glucopyranose (N-acetyl-D-glucosamine), yields D-glucosamine on acid hydrolysis. Detection of D-glucosamine is required as the final step in supporting the survival of chitin in the fossil record[@b23]. Other samples were therefore hydrolysed to test for the presence of D-glucosamine (DGlcN) using High Performance Liquid Chromatography (HPLC), High Performance Size Exclusion Chromatography (HPSEC), High Performance Capillary Electrophoresis (HPCE), and Electrospray Ionization Mass Spectrometry (ESI-MS). One fragment was also used for experimental chitinase digestion. In all these experiments the samples from the surrounding rock of the analysed fibers were tested as a negative control. Thus, those modern contaminations capable of surviving the purification techniques we used would be present in both the analysed fibers and the surrounding rock.

NEXAFS spectroscopy was used to explore site-specific electronic properties of isolated fibres (measured on 500 μm × 500 μm areas). The carbon K-edge spectrum of investigated material showed all the typical absorption features of chitin (\~288.5 eV)[@b24] ([Fig. 2c](#f2){ref-type="fig"}). We also show that the characteristic C = O absorption peak of chitin is clearly distinguishable from a strong cellulose peak reported at 289.5 eV[@b24].

The results of the structural and spectroscopic analyses performed using NEXAFS ([Fig. 2c](#f2){ref-type="fig"}), FTIR, and CFW staining ([Supplementary Information, Fig. S6](#s1){ref-type="supplementary-material"}), and electron diffraction ([Supplementary Information, Fig. S7](#s1){ref-type="supplementary-material"}) agreed that the demineralized fibrous material isolated from fossilized *V. gracilenta* consists in part of α-chitin. The results of our analyses for the investigated fractions of the fibers were fully consistent with those of previous reports on the physicochemical identification of chitin in other organisms[@b7][@b8][@b9].

Chitinase digestion experiments ([Supplementary Information, Fig. S8](#s1){ref-type="supplementary-material"}) again confirmed the chitinous nature of the isolated *V. gracilenta* fibers. Additionally, results obtained using HPLC, HPSEC, HPCE and ESI-MS ([Fig. 4](#f4){ref-type="fig"}) clearly indicate that the sample contains a species that is highly similar in its properties to DGlcN. The presence of D-glucosamine in the exceptionally preserved fibrous matter which is isolated from the rock, but absent in the surrounding rock ([Supplementary Information, Fig. S22 and S23](#s1){ref-type="supplementary-material"}), clearly shows its fossil origin.

Discussion
==========

Experimental studies from modern organisms suggest that chitin may remain chemically stable enough for paleoecological and paleoclimatic information to be derived from stable isotope analysis[@b25]. The thermal stability of chitin depends on the crystalline form, and on the size and perfection of crystallites. The α-chitin (found in arthropods and sponges) is thermally more stable than β-chitins (diatoms, squid)[@b26]. Thermogravimetric analysis of purified non-mineralized chitin revealed that this aminopolysaccharide is stable up to 360°C[@b26], as shown in experiments *in vitro*. We have also confirmed the laboratory stability of sponge chitin for 24 hours at 300°C (see [Supplementary Information](#s1){ref-type="supplementary-material"}, text).

Studies of the survival of chitin in fossils have yielded mixed results[@b1][@b17][@b23][@b27][@b28]. Much paleontological literature still refers to fossil material as being chitinous, based primarily on its resistance to chemical attack and the relationship of fossils to modern organisms. It is generally understood, however, that the chitin has probably been converted to a more stable material. Some analyses have suggested the presence of chitin in fossils that date back as far as the early Paleozoic (as evidenced by D-glucosamine)[@b27]. Other analyses, however, have failed to find any evidence of its presence in fossils[@b29], except for small amounts of amino sugars in the calcified skeletons of one Cretaceous and one Tertiary decapod crustacean[@b30]. Significant quantities of chitin were detected by analytical pyrolysis in Quaternary beetles[@b1] and in fossil insects from Oligocene lacustrine shales of Enspel, Germany[@b1]. In all reports, confirmation of the survival of the chitin polymer required the detection of its hydrolysate monomer, D-glucosamine.

Here we have demonstrated that chitin may persist over 505 million years in sediments where suitable paleoenvironmental conditions prevailed. In addition, our results confirm that *Vauxia* is a "keratose" demosponge rather than a demineralised spicular sponge. Morphological considerations assign the Vauxiidae as likely being in the Verongida, or alternatively to a stem-group of "keratosan" demosponges. Recent molecular work often places the "keratosans" at the base of demosponge phylogeny[@b31], although with uncertain relationships to other taxa. The Vauxiidae are therefore likely to be the most basal definitive demosponge group known, despite the abundance of protomonaxonid "demosponges" in the Cambrian fossil record. In addition, the chitinous character of the *Vauxia* skeleton would refute previous suggestion[@b32] that a keratose skeleton secondarily and independently arose twice among the demosponges, through the loss of spicules and subsequent development of spongin fibers.

The phenomenon of exceptional fossil preservation, especially the preservation of soft tissues, is one of the most disputable questions in modern paleontology. Different and sometimes controversial modes for this preservation in Burgess Shale fossils have been proposed by N. Butterfield, P. J. Orr, R. Petrovich, W. Powell (see for review[@b33]) as well as by D. Briggs, R. Gaines (see for review[@b34]). The mechanism of chitin preservation in our case is unknown. It has been suggested that the preservation potential of arthropod cuticle is increased when the chitin is cross-linked in a thick sclerotized cuticle like that of beetles, a phenomenon first demonstrated in laboratory experiments[@b29]. This suggests that chitin preservation is the reason for the abundance of arthropod cuticles preserved organically in the fossil record. Recently reported[@b5] preservation of a high-nitrogen-content chitin-protein residue in Paleozoic organic arthropod cuticle likely depends on condensation of cuticle-derived fatty acids onto a structurally modified chitin-protein molecular scaffold, thus preserving the remnant chitin-protein complex and cuticle from degradation by microorganisms.

There is no information about possible cross-linking agents in sponge chitin similar to those reported for arthropods. However, bromotyrosine-related compounds present in the skeletons of recent verongids are known to be chitinase inhibitors[@b35]. We suggest that these compounds were crucial for the survival of vauxiid sponges in the Burgess Shale during early post-burial. Pyrite-like sulphides were also observed on the surface of the fossil ([Supplementary Information, Fig. S9](#s1){ref-type="supplementary-material"}). Intriguingly, the novel taphonomic pathway for chitin preservation (low oxygen and Fe^2+^ as a chitinase inhibitor) recently proposed by Weaver and co-workers[@b2] cannot be excluded as a mechanism in *Vauxia* fossils.

The ability to isolate and identify chitin from a 505-million-year-old fossil is due to several factors. These include the exceptional preservation conditions of the locality, the stabilizing effects of bromotyrosine-related compounds specific to the *Vauxia* sponges, and certainly due to the advances in analytical techniques that are routinely available today. Our discovery significantly extends the length of time chitin can survive under geological conditions, considering that the oldest chitin reported previously is 417 million years old[@b5]. We hope that our exceptional finding will encourage researchers to search for chitin in other well-preserved ancient fossils.

Methods
=======

Samples
-------

The samples of *Vauxia gracilenta* ([Supplementary Information, Fig. S1](#s1){ref-type="supplementary-material"}) (accession numbers ROM 75-2840, ROM 75-2854, ROM 61-237) were obtained from Department of Natural History, Paleobiology, Toronto, ON, Canada. The whole samples of the rock as collected with fossilized *Vauxia* ([Supplementary Information, Fig. S1](#s1){ref-type="supplementary-material"}) were initially washed in deionized water, followed by applying an EDTA-based Osteosoft (Merck) solution (24 h) to the fossil surface ([Supplementary Information, Fig. S2](#s1){ref-type="supplementary-material"}). Then the sample was washed again with deionized water, and finally sonicated in deionized water for 4 h at room temperature. Fossilized material that was still attached to the rock surface after this procedure was investigated by isolating samples for analysis.

Near-edge X-ray absorption fine structure (NEXAFS)
--------------------------------------------------

We used NEXAFS spectroscopic methods established at BESSY, Berlin. All images chosen for this paper are representative examples of features observed several times for different samples.

Raman spectroscopy
------------------

Raman spectra were recorded on a Kaiser HoloLab Series 2000 microscope (10× magnification) coupled to an f/1.8 Holospec spectrograph (Kaiser Optical Systems, Ann Arbor MI, USA) with a liquid nitrogen cooled CCD camera (Roper Scientific, Trenton NJ, USA). A Toptica XTRA laser (Toptica Photonics AG, Graefelfing, Germany) with an excitation wavelength of 785 nm was used. Laser power on each sample was 15 mW with an exposure time of 30 s. For each sample three spectra were acquired and averaged.

Data was normalized to the maximum in the displayed range of wave numbers. For the plot of the overlaid spectra a multipoint linear baseline correction was applied, with points at 1100, 1200, 1650 and 1800 cm^−1^. For the lower wave number range a simple linear baseline correction was used with points at 320 and 700 cm^−1^.

Fourier transform infrared spectroscopy (FTIR)
----------------------------------------------

FTIR spectroscopy was carried out using FTIR Bruker IFS 66/s. The spectral resolution was 2 cm^−1^ and the number of scans was 500. The spectral range investigate was 3900--1000 cm^−1^. The instrument had an aperture of 1 mm, an MCT Detector and a mirror rate of 40 KHz.

Fluorescence microscopy and spectroscopy
----------------------------------------

Fluorescence microscopy was performed by using a Zeiss LSM 510 META device at an excitation wavelength of 405 nm and a beam splitter separating excitation from emission (HFT 405/514). The splitter reflects two spectral bands around 405 nm and 514 nm, designed to be used simultaneously with two lasers with wavelength of 405 and 514 nm. Therefore, there is a gap in the emission around 514 nm.

A Plan-Neofluar 10×/0.3 objective was used. The detector was a Zeiss META detector which can detect the emission in user-defined spectral ranges. We used 32 detection channels, all 10.7 nm wide, covering the spectral range between 411.3--753.7 nm.

For more details on **Methods**, see the [Supplementary Information](#s1){ref-type="supplementary-material"}.
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![Optical micrographs from the studied sample.\
Burgess Shale sample with the fossil demosponge *V. gracilenta* (a) with detail of the exceptionally preserved skeleton (b).](srep03497-f1){#f1}

![Preliminary identification of chitin.\
Calcofluor white staining of the cleaned surface of *V. gracilenta* with fluorescence, indicating the presence of polysaccharide-based compounds (a, b). Isolated and HF-demineralized fibers were identified as chitin using NEXAFS spectroscopy (c).](srep03497-f2){#f2}

![Structural features of the fossil sponge skeleton.\
A selectively isolated fragment (b) of the aspiculate fibrous skeleton of *V. gracilenta* (a) shows autofluorescence (c) that is characteristic for chitin. The non-homogenous fluorescence can be explained by the presence of a residual mineral phase observed using SEM (d, e).](srep03497-f3){#f3}

![Identification of D-glucosamine as the final step in supporting the presence of chitin in the fossil *V. gracilenta*.\
HPCE chromatograms as well as ESI-MS results give unambiguous evidence that D-glucosamine is present in the investigated samples *(b)* when compared with results from a chitin standard (a).](srep03497-f4){#f4}
